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The determination of percentage dissociation
of zircon (ZrSiO,) to plasma-dissociated zircon
(ZrO,Si0,) by Raman spectroscopy

L. D. Kock,* M. D. S. Lekgoathi, E. Snyders, J. B. Wagener, J. T. Nel
and J. L. Havenga

Raman spectroscopy and multivariate calibration techniques are used to determine the percentage conversion of zircon
(ZrSi0,) to plasma-dissociated zircon, Zr035i0; (PDZ). The integrated area of a consistent ZrO, (monoclinic) Raman band at
477 em™ assigned to the Ag symmetry type from different conversion percentages of the PDZ spectra is used in a multivariate
analysis scheme (partial least squares) to develop a predictive model for the subsequent determination of percentage disso-
ciation of zircon to PDZ. In contrast to wet chemical methods, this approach eliminates the use of corrosive acids, e.g.
hydrofluoric acid, thus leading to significant reductions in analysis time and material wastage, and it is a quick method that
can be used online in a PDZ production facility. These results show best correlation with determination coefficient (R?) values
in the range between 99.45 and 99.99% for zircon percentage dissociation in cross-validation tests. This illustrates not only
the versatility of the Raman technique in industrial applications but also the importance of noninvasive testing in the study

of zircon and related materials. Copyright © 2011 John Wiley & Sons, Ltd.
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Introduction

Zircon mineral is the ground-state polymorph of the structure
ZrSi04 which may be converted at high temperature (1200K)
and pressure (12GPa) to scheelite-type Reidite crystals."?! This
type of conversion is reversible at 1500 K.”! The zircon mineral
structure contains interstices appropriate for hosting rare earth
elements and indeed it is often found containing uranium and
thorium in the earth’s crust. It is for this reason that zircon is often
considered as a natural host material for the storage of radioac-
tive waste material.!"* Zirconium silicate (ZrSiOy) is also consid-
ered as a promising alternative to silicon oxide as the gate
dielectric material in metal-oxide semiconductor devices because
of its high permittivity.""’ By using plasma conversion technology,
the mineral zircon can also be converted to plasma-dissociated
zircon consisting of submicron, monoclinic ZrO, particles cemen-
ted together by amorphous silica (Si0,).®! The space group for
zircon (ZrSiOy) is 14,/amd (Z=4) (Di2)® and from group theory
considerations, 12 Raman active modes are predicted (2A;5+4
B1g+Bag + 5E,). On the other hand, zirconium oxide (ZrO,) exists
in three polymorphic forms, namely: (1) monoclinic, which has
space group P2,/b (C3;) and Z=4 has 18 Raman active modes
9A4 + 9Bg; (2) the tetragonal phase (ZrO,), space group P4,/mnc
(Dgp) and Z=2 has six Raman active modes, Aigt2Byg+3Eg;
and (3) the cubic phase, space group Fm3m (O}), Z =4 with only
one Raman active mode.”’ Given these differences, one may dif-
ferentiate one phase from the others on the basis of their Raman
spectrum in interpreting the plasma-dissociated zircon (PDZ)
spectra.

The use of PDZ in the production of zirconium-based pigments
has previously been described™ and the effect of milling and
percentage dissociation of PDZ on the colour of Pr-yellow and

V-blue doped-zircon pigments has also been investigated.”
However, the percentage dissociation determination of PDZ in
zircon by Raman spectroscopy and multivariate techniques has
not been reported. Because zircon's chemical reaction suscepti-
bility is increased by dissociation to PDZ,"! the question of the
extent of this dissociation becomes important in determining
limiting reaction conditions in the manufacturing of PDZ and
the subsequent chemical processing thereof.

The manufacturing of PDZ was described by Wilks et al'®,
Fridman®" and Toumanov.''? There are several parameters that
influence the manufacturing of PDZ. These are the applied
plasma power, the particle size of the zircon, the geometry of
the plasmatron and plasma reactor, the residence time of the
particle in the reaction zone and the quenching rate of the PDZ
particle. No significant changes in the chemical composition of
the zircon and the PDZ could be found in this study.""® Induc-
tively coupled plasma spectrometry analysis of zircon and PDZ
are presented in Table 1. The different commercial grades of
zircon are generally classified as prime grade (purity > 99.3%),
standard grade (purity 98-99%) and refractory grade (purity
~95%). In this study, prime-grade zircon from Namakwa Sands
was used. The dsq particle size of this zircon was 125 um, as deter-
mined by the Sedigraph technique. When zircon is converted
into PDZ, spheridization takes place with the PDZ particle almost
perfectly spherical with a ds, value of 105 um. Scanning electron
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Table 1. Inductively coupled plasma spectrometry analysis results of
the chemical composition of zircon and PDZ

Compound/element Units® Zircon PDZ

ZrO,(HfO,)® % 66.7 66.6

Si0, % 326 32.7

TiO, % 0.12 0.2
Fe,05 % 0.06 0.06
Al;O5 % 0.07 0.09
MgO % 0.01 0.02
Ca0 % 0.05 0.04
P,05 9% 0.10 0.09
U+Th % <500 <500

*The accuracy of the chemical analysis for the above mentioned oxides is
+0.1% and for U+ Th it is 50 mg-kg™".

bZircon always contain hafnium oxide (1-3%] and their concentrations are
usually reported together.

microscopy investigations (Fig. 1) of a cross-cut section of a PDZ
particle, showed that the monoclinic zirconia particles that
formed (white dots) are about 0.2 pm in diameter and these are
uniformly distributed in the amorphous silica matrix and the
big (105 um) PDZ particle.

Because the selection rules in Raman spectroscopy depend on
molecular structure,""¥ the Raman technique is ideally suited to
study the transition from ZrSiO4 to ZrO35i0; (PDZ). Raman spec-
troscopy has previously been used successfully in the study of
pigment sample mixtures without signal interference!’*'”! and
together with multivariate techniques, Raman provided yet an-
other useful method for determining component concentrations
in multicomponent drug products.™® This technique has also
previously been used to study atmospheric residues of petroleum
products'® the weight percent of oxygen in gasoline’*” and
quantitative analysis of paracetamol polymorph mixtures.?"

Several improvements in the methods of acquisition of Raman
spectra, including the use of excitation radiation in the near-
infrared region to minimize fluorescence effects and the use
of charge-coupled device detectors with Fourier transform

Figure 1. The scanning electron microscopy image of a cross-section of
a PDZ particle is presented showing the monoclinic zirconia particle size
of 0.2 um in diameter.

(FT)-Raman instruments greatly improved the reproducibility of
the Raman spectra, leading to increased use of multivariate anal-
ysis techniques with Raman spectroscopy.%23

In this paper, we present the results of the determination of
percentage dissociation of the mineral zircon by FT-Raman spec-
troscopy and multivariate calibration techniques. The tremen-
dous advantages of this approach are due to minimal sample
handling requirements, ease of instrument use and low turn-
around time.”?¥ The results are compared with those obtained
from more tedious and lengthy wet-chemical methods.!2!

Experimental Procedure and Materials

The production of PDZ using plasma conversion technology was
carried out at the South African Nuclear Energy Corporation
(Necsa) and has been adequately described elsewhere.”'? The
PDZ synthesis method is essentially comprised of allowing zircon
particles to free fall through a plasma reaction chamber at
temperatures exceeding 1800 °C, followed by a rapid product-
cooling rate control for optimum product formation™™ In
general, the percentage dissociation of the zircon is dependent
on various interdependent parameters, for example, the applied
plasma power, the particle size of the zircon, the feed rate of
the zircon, the quenching rate of the product, etc.

Metamictization (radiation damage) does occur in zircon,
but usually this is only observable in zircons that received
high dosages of radiation leading to the destruction of its
lattice crystal structure. This is a result of the z-decay from
uranium and thorium that is usually encapsulated in zircon
and is also a function of the intensity and duration of the
radiation.”® In this study, zircon containing U+ Th <500mg
kg™ was used and no significant metamictization could be
observed.

The synthesized samples were placed in the macrochamber of
the Bruker Vertex 70 FT-Raman machine (Ram Il module mounted
onto a vertex 70 FT-IR) for Raman acquisition. A 1064 nm wave-
length excitation radiation with a 50 mW power setting and a
4cm™ spectral resolution on the instrument was used. The
integration times where set at typically 30 s with one accumula-
tion per spectral window, and the entire analysis could be
completed within about 20min. Zircon (prime grade) was
obtained from Namakwa Sands (Pty) Ltd and the 100% converted
PDZ was supplied by Zeetech LLC, USA. The samples with various
percentages of PDZ composition (82, 90, 94, 95 and 96%) were
manufactured by Necsa under various plasma conditions in a
3 x 150 kW DC plasma plant.

Results and Discussion

Taking advantage of the insolubility of ZrSiO4 in hydrofluoric
acid (HF) versus the complete solubility of PDZ in HF, a wet-
chemical method for determining the percentage of PDZ in
the zircon/PDZ mixture involves the dissolution of zircon/PDZ
mixture in 40% HF.**! The wet chemical gravimetrical determi-
nation of the percentage dissociation of zircon to PDZ is based
on the difference in reactivity of zircon and PDZ toward hydro-
fluoric acid. At room temperature, zircon (ZrSiO,) is chemically
inert towards HF (Reaction (1)), while PDZ (Zr0,.5i0;) reacts
with HF exothermically and all plasma-dissociated zircon
dissolve according Reaction (2). Combining reactions (1) and
{2) below, we may represent this process as in Reaction (3).

wileyonlinelibrary.com/journal/jrs
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Z1Si04,, + HF — no reaction (M
Zr0,.5i0; + 12HF — szrFatam + HZSiFG[an + 4H,0 (2)

ZI'OZ,SiO;H_s} + 12HF|faq} + Zf5i04{s]
—F H2SiF6['aq} + szrFﬁ[aq] -+ ZrSiO‘,;,:s; -+ 4H20 (3)

This allows for the calculation of the required percentage of
dissociated zircon (PDZ) in the zircon/PDZ mixture within an
accuracy of 0.5%. This lengthy gravimetric method, including
the dissolution steps, neutralization, filtration, washing and
drying, takes at least 4 h to produce a result.

Figure 2 shows typical Raman spectra of (a) ZrSiOj (tetragonal), (b)
PDZ and (c) ZrO, (baddeleyite) with monoclinic structure. A set of
spectra depicting various percent PDZ concentrations between
100% ZrSiQ, (Fig. 2(a)) and 100% PDZ (Fig. 2(b)) have been omitted.
ZrSi04 and ZrO, have received considerable attention in the
literature 73" |t must also be noted that the differentiation be-
tween monoclinic and amorphous zirconia is very difficult because
of the Raman band overlap®? The region between 500 and
700cm™" has been identified to show Raman bands that are associ-
ated with amorphous zirconia.®? As a result, one cannot completely
rule out the presence of amorphous zirconia, because the mono-
clinic phase does also show Raman bands in this region. With
due consideration to the foregoing discussion, Table 2 depicts a
summary of literature Raman band assignments and provides confir-
mation that the ZrO, in our PDZ is largely of monoclinic structure in
Reaction (4);

ZrSiOy (5, — Zr0;.5i0y4 “

Using a multivariate calibration scheme as coded in the
QUANT module of the OPUS™ software program®™¥ using
partial least square (PLS), a predictive model of determining %
PDZ in zircon samples was developed. Applications of multivari-
ate methods with Raman spectroscopy for quantitative calibra-
tions have been discussed.?>?334-37) The basic aim of the
method is to determine a property Y from an experimentally
observable X (such as concentration) that is correlated by a cali-
bration function b (Y = X-b). The row vectors of the matrix X are

Raman Intensity

B0 180 280 w0 480 SR 6RO T80

Wavenumbers /cm!

Figure 2. Raman spectra of (a) the mineral zircon (ZrSi0,); (b) plasma-
dissociated zircon (Zr055i0; or PDZ) with the 477 cm™ (v (Ag) Raman
band of ZrO, indicated with an arrow; and (c) ZrO, (monoclinic (space
group: P2,/b ().

formed from the calibration spectra, while the vector Y consists
of single component values determined from a reference
method. The solution for b may then be written as

b= (X"X) (X"Y) (5)

In PLS, the solution of Eqn 5 is achieved by the calculation of a
restricted inverse instead of a complete inverse (because of the
difficulty in inverting X™-X). A starting vector (v,) is chosen such
that;

Xy
XY

(6)

A PLS regression analysis is then continued until the compo-
nent values Y are reproduced in a consistent way. In the QUANT
module of the OPUS program,®® the optimum PLS vector is

Table 2. A comparison of the Raman bands (cm™) of different
phases of ZrO; compared with those of zircon and PDZ
Zircon PDZ Monoclinic  Tetragonal Cubic ZrO,
ZrSiO, Zr055i0, Zr0, Zr0,
Raman/ Raman/cm™' Raman/cm™ Raman/cm™
e [27,28] 127.29] 127.30,31]
37
103
118w
121w 122m
178m 180 180 w
190m 192 192w
200 w
213 w
223 w 223 m 224 245bw?
309 vw 308
278s
317 m 319m
336
355s 348
383 380 w
391 vw
4395
477 m 477 460 m
480 m sh
504 w 503
517 vw b
536 bw 537
562 vw 561 (534-640b)?
600 vwww 600 vw 590 b w
618m 617 618 m sh
640m 639 6415
662 vw b
744 www 735
974m
1007 s
1054 vw
1090 vw
1113 vw
1159 vw
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Table 3. The quality of validation results for the four series shown in
Figs 2(a)-(d)
No. Frequency Optimum Coefficient Residual RMSEE
range (cm™')  rank  determination,  prediction
R? (%) deviation
1 455-495 3 99.45 135 3.74
2 455-495 3 96.45 5.22 9.66
3 455-495 4 99.99 135 0.459
4 455-495 4 99.86 26.8 23

determined only when the number of calibration spectra per
component is deemed sufficient*¥ The difference between the
true concentration (Cy, with the average denoted by ;) and fitted
value (Cp) is then used to determine the root mean square error
of estimation (RMSEE) in Eqn 8, where m is the number of stan-
dards used, r is the rank and R in Eqn 9 is the coefficient of deter-
mination. (See also Table 3).

M
SSE="" (G, — G)’ )
i—0
1 ]
RMSEE = 2 1SSE (8)
SSE
R2:|i1— ¥ _7:|><100 (9)
;—o(cv, = k}
10
m | A Outlie
& utli r\) .
- ¥
3 0
<
-
E w
g 10
& 3
¢ 0
10
0 R2=9945%i
“-;o 0 10 20 M 40 3 60 70 30 50 100 110 120
*%PDZ TRUE VALUE
10
me | C
100
-
= 0
'.'ql 70
)
B %
E 0
B
L
10
0 RZ=99_99%

1010 10 40 % 60 70 20 S0 100 110
%PDZ TRUE VALUE

1o

*PDZ FIT VALUE

*%PDZ FIT VALUE

The coefficient of determination (R?) approaches 100% as the
fitted concentration values approach the true values as expected.

The v (Ag) Raman band at 477 cm™" was used in the calibra-
tions. Figures 3(a)-(d) show calibration series plots that were gen-
erated for various percentages of PDZ. The plots show the ‘Fit
versus True' graph for four series of percentage PDZ using the
various PDZ concentrations (0, 82, 90, 94, 95, 96 and 100%).
Figure 4 shows the change in intensity of the Raman band
(v (Ag)=477 cm™") corresponding to the various percentages
(0, 82, 90, 94, 95, 96 and 100%) of PDZ in the samples. Outliers
do occur from time to time.*® Concentration values whose
deviation from the true concentration value is statistically signif-
icant are detected as possible outliers. Knowledge of these
samples is important to help determine whether it is appropriate
to exclude these from the model.2®*% One such series showed
an outlier point (Fig. 3(a) indicated with an arrow) and R? value
of 99.45% without this point was deemed satisfactory. Table 3
shows a summary of the calibration series also shown in Fig. 3.
Series B showed a lower R? (96.33%) value and although it was
acceptable it was deemed not entirely satisfactory. This series
was plotted with a higher residuum threshold and included in
the study. The coefficient of determination (R?) values and resid-
ual prediction deviation are presented together with the
corresponding optimum rank. The rank in the QUANT program
defines the number of PLS vectors that are used and the indi-
cated optimum rank (Table 3) confirms the sufficiency of the
number of calibration spectra.

This technique was then applied in the rapid determina-
tions of percent PDZ in zircon and may readily be used in a
PDZ manufacturing environment. The immediate effect is

1o

i B
L
100
w0
50 e
T
&0
S0
L
L
n
L1
0 RZ=96.33%
-
40 0 W0 0 W W % & 0 80 %W 1w 1W 1M
%PDZ TRUE VALUE
10
w | D
oo
»
B0
(L]
0
L2
w
W
0
1]
0 R2=99.86%
10
A0 0 10 0 W M0 % &0 To B0 %0 100 JIe 10

%PDZ TRUE VALUE

Figure 3. (a)-(d) The four calibration series for various percentages (82, 90, 94, 95, 96 and 100%) of plasma-dissociated zircon, extrapolated to 0%. The
area between 455 and 495cm™' centred at 477 cm™' (Fig. 2) was used for the calibration to produce the %PDZ Fit versus %PDZ True values as plotted.
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100% PDZ V(A ) =477
W
:E‘ \.ﬂ.w
i) 95% PDZ 3
g 94% PDZ @
a 90% PDZ
- \—)‘\;;"I‘F;E{MM
0% PDZ A P
‘““-“ML#___’—\._-"
100 200 300 400 500 600 700 800

Wavenumbers / cm™

Figure 4. The Raman band at 477 cm™ that was used in the calibrations
is shown. The range 455-495cm™, was chosen for the preliminary
calibrations in Figs 2(a)-(d). The centre of the chosen Raman band is at
477 cm™ (v (Ag)) and the resulting R? value(s) of 99.86% or above that
are obtained in the linear fit is acceptable.

the elimination of lengthy processes of determining the per-
centage dissociation involving wet-chemical methods, result-
ing in marked reduction in chemical waste and the need for
handling corrosive acids such as HF. While it can take up to
4 h using wet chemical techniques, this method can reduce
that time to just a few minutes.

Conclusion

A quick and reliable method, using FT-Raman and multivariate
analysis, was used to determine the percentage dissociation of
the mineral zircon to plasma-dissociated zircon. On the basis
of group theory, the predominant ZrO; phase produced in
the plasma process is shown by Raman spectroscopy to be
the monaoclinic phase P2,/b (C34), with only small amounts of
the tetragonal P4,/mnc (D4;) and the cubic Fm3m (Of) phases.
Results indicate that despite the multiphase nature of a com-
sonent of the product (ZrO, (monoclinic, tetragonal and cu-
bic)), a Raman band that is associated with the monoclinic
phase of ZrO, (v (Ag))=477cm™") proved to be very effective
in percent composition determinations and yielded reliably
consistent results that may be useful for routine industrial
applications. This method eliminates the need to use lengthy
wet-chemical methods where highly corrosive acids are rou-
tinely used, thus contributing to immediate reductions in
chemical waste.
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